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ABSTRTxCT 

^The mcchanisin of clay - lime stabilization 
during shorter periods has been undertaken for study 
together with an attempt at understanding of the 
dependence of the ht-^^^'rberg limits and strength para- 
meters on the samelff The present investigation reveals 
the following sequence of events during the process;-\ 

An initial adsorption of Ca-ions into the 

K 

lattice and onto the surface of the clay to various 
amounts depending on the nature of the clay^ In bent- ' 
onite such adsorption is upto 4 percent while in kaol- 
inite it is restricted to 2 percent -Simultaneously 
with adsorption in these clay minerals also proceeds 
certain reactions resulting in the formation of prehnite 
(^calcium aluminate silicate), is evidenced even in the: 
first 24 hours of aging which increases with time. Sub- 
sequent formation of hydrogarnets, tetra calcium alumi- , 
nates and calcium aduminatc silicates has also been | 
noticed from X-ray diffraction studies . In bentonite ; 
while in the intial stages calcium aluminate silicate 
and crystallized calcium silicate hydrate have devel-, ! 
oped ^subsequent growth of ill-crystallised tobermorite | 
and tetra calcium aluminate took place. The rate of 
changes in the quantities of montmorillonite, kaolinite | 
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and free silica as also rate of growth of new minerals 
have heen attempted for intensity computations of 
selected peaks for these constituents at different 

stages of .the reactions. ^ 

/ 

'•/The changes in the liquid limit, plastic limit 
and shrinkage limit for the kaolinite - lime and bent- 
onite - lime systems have been correlated to the pro- 
cesses that are operative during such a mechanism of 
clay - lime stabilization and consequent changes in 
the hydration and. dehydration patterns of the systems.® 

3 strength Vciriations are explained on the 
nature emd extent of new products devel- 
.ysical changes that take place in respec- 
and the excess lime that is present. 



CHAPTER I 


STATEMENT 01? THE PROBLEM 

So much v-rork has been done on soil stabilization 
all over the world that it is a surprise to find that an- 
swers to some of the rather obvious fundamental questions 
have not been provided so far^. For example, the most gen- 
eral ■question is - what are the changes at the macroscopic 
and microscopic level in clay that reflect its physical 
and mechanical behaviour during lime interaction? The role 
of ion exchanges had been a guess for several years but a 
statem.ent on its certainity and precise nature is yet 
awaited. 

Similarly, the question as to whether flociqlaction 
and carbonation have any dominant role in the soil-lirne 
stabilization mechanism has yet to, be ansv/ered. Though 
attempts have been made on these- aspects, general accept- 
able understanding on the same has not yet been reached . 

X-ray diffraction studies of 'the clay-lime mixtu- 
res at different lime levels and on various aging periods 
would enable one to precisely indicate the strain and 
other modifications in the clay lattice induced by the 
CaCOH)^ interaction as also the tracking of 'the nev? prod- 
ucts like hydrous calcium, aluminates and silicates. Though 
preliminary attempts by a few workers ha've been made on 
the formation of these new products, their rate of growth 
and correlation with engineering behaviour of 



2 


clay have not been provided. Progress in the last decade 
or two in cement technology has provided the necessary 


data for research into ■ the composition and structure of 
such phases in the Ca0-Al202~H20, Ca0-Si02-H20 and CaO- 
gi 02 -Al 202 ~H 20 systems* Tha present study is an attempt 
to deteriTdne (l) The nature of variations of physical 
• properties involved in the clciy - lime stabilization, 


(2) Whether these changes are the same for expanding 
and non expanding clays or are there any possible 
differences/ (3) The possible lattice modifications at 
different lime levels in cla.ys and their variation on 


aging, (4) The nature of new chemical compounds that 


form during clay - lime interaction and effect of 
aging on the same and (5) The correlation of enginee- 
ring behaviour with the macroscopic and microscopic 
changes during the stabilization process. Within the 
available time it is neither realistic nor possible 
to undertake investigations v/ith clays as also soils, 
the author has restricted his investigations to pure 
clay materials v.7ith the hope that the results obtained 
in the present study would be largely the basis for 
any such future investig7j.tions with soils in the field 
and laboratory. 



CHAPTER I. I 


STATUS OF THE EXISTING LITER/iTURE- 

To iioprove the engines ring properties of cohe- 
sive soils, specially expansive type, the wide range 
of chemical reagents (both organic and. inorganic) are 
available. Among the inorganic additives the use of 
hydrated lime has been growing in the field of soil 
stabilisation becaus'.; of the ease , effectiveness and 
economy. 

Extensive investigations have been undertaken 
by several workers on clay - lime stabilization because 
of the obvious practical applications. Available lite- 
rature indie ate.s several distinct approaches in the 
past on the study of this subject. The important 
t.rends of thinking on the process of soil - lime 
stabilisation iiaclude (l) C.atton exchange - replacement 
of available cations like N.a, K or Mg by Ca, cations,. 

(2) ft,ggradation and consequent increase in effective 
grain size through flocculation, (3) Carbpnation that 
is reaction of lime with the Co^ fromi the atmosphere 
to form GaCo.^ vjhich induces cementation in the system 
and ( 4) pozzolanic reactions that yield products of 
c erne nt i n g na t u re . 

The cation exchange properties of clay has 
been aptly summarized by Caroll (1959) . Although 
many natural soils are almost calcium saturated. 
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they exhibit all classic deficiencies in their stmeture 
that require stabilization treatment. It has also been 
established that even when lime is added to a dilute 
clay suspension in quantity exceeding that required 
for complete saturation, no complete exchange by Ca 
ion tabes place (Diamond and Kinter_^ 1966) . However 
clay - lime stabilizatioii does not involve ion exchange 
alone since fluctuations of ground v;ater levels and 
percolating ground waters might replace the Ca ions 
thus reducing the beneficial effect of added lirne 
(Eades and Grim, I960) . 

When lime is added to the clay, an immediate 
dominant flocculation ensaies . According to modern 
Colloidal - chemiical concepts^ the electrolytic double 
layer gets modified with consequent decrease in the 
electro - static repulsive forces (Van Olphen, 1963) , 

The net attraction increase brings about the floccula- 
tion. Work' in this direction has also been reported by 
Davidson and Handy (1959) . The dependence of water 
retention properties in clay during stabilization 
has also been reported by these a.uthors. 

Formation of calcium capbonate during stabili- 
zation has been established by Eades, Nichols and 
Grim (1962) . But neither the cementing nature of the 
carbonates nor their influencing nature cm the strength 
parameter of the clay involved have been studied by them 
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Diamond and K inter (1966) believe that the long tem 
reaction of uncarbonated lime v;ith tlie soil itself 
would far outweigh any such contribution and that 
the carbonation is probably a deleterious rather 
than a helpful phenomenon in soil stabilization. 

The cement it icu.s products forxaed from reactions 
of lime 'With clay minerals have been studied by several 
'v'/orhers (Eades and Grim^ 1960; Sloane, 1964; Croft, 1964; 
Davidson etnl 1966; and Diamond and Kinder, 19 66) . During 
such process tv;o stages of reaction are visualised 
(l) immediate rapid process th.cat modify the response 
of the soil system to water and (2) slow but long tern 
reactions that cause forrr.ation of final interaction pro- 
duct. Among the former are included such properties as 
liquid limit, plastic limit, swell isressure, volume 
change on drying and permeability. 

A general increase of plastic limit with inc- 
reasing lime level takes place (Hilt and Davidson, I960) . 
However conflicting report exists on the effect of 
lime on liquid limit. Wang etal (1963) , Jan and ■ 

Walker (1963), report a decrease in the liquid limit' 
-while a substantial increase in liqxaid limit has 
been reported by cl are and Cmichley (1957) and Zolkow 
(1962). Apparently this veiriation has been due to the 
sensitive nature of the clay to the cation present 
(Grirrv 1957) . That these variations continue upto 
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some limiting lime content designated as "lime fixation 
point" has been repoirted by several workers. Effect of 
aging has also been discussed by Wolfe and Allen (1964) , 

Drastic volume changes involved in the clay- 
lime stabilization have been discussed by Lund and 
Ramsey (1959), Wolfe and Allen (1964), Mitchell and 
Hooper (1961]. Croft (1964) and Katti et al (1966) . 

The variation of shrinkage and swelling weire depen- 
dent on the type of clay involved. Many workers have 
also reported that the density to which a soil can be 
compacted at a given moisture cantent is usually redu- 
ced significantly v;hen lime is a:ided and delay in comp- 
action causes a further reduction in density. Herrin 
and Mitchell (1961) indicated that beyond about 5 per- 
cent of lime by vreight^ little additiona.1 increase in 
the optimum moisture recfairement takes place. 

Strength of the clay - lime mixture is greatly 
influenced by the irr:3raccion during clay - lime stab- 
ilization cind tl'ix'ough the formeition of rhe nevj products. 

The variation of strength d'aring soil - lime stabilizat- 
ion has been dealt in detail by several ".-’orkers (Hilt 
and Davidson,' 1960; Eades and Grim, 1960; Mitchell and 
Hooper, 19 51; Croft, 19 64 arid b.atti et a.1, 1966) . Mit- 
chell and Hooper (1961) indicated the importance of 
reduction cf time interval between mixing of clay lime with 
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v/ater and subsequent compaction. The strength gain in a 
clay mineral on application of lime is also dependent 
on the mineralogical composition of clays (Croft, 1964, 
Svstatiev et al 1961 g Grim, 1967) . 

Diamond (1964) has. reported that lime reacts almost 
■^iristantaneously ■ with hydrous alumina of high surface 
area to produce the wel,l crystallized compound tetra 
calcium aluminate hydrate. Such immediate reaction in 
the Icl ay-lime ■ system>s has. •. been indicated by Diamond 
and Kintox' (19 66) . 

The significant aspect that perhaps influences 
to the maximum extent t he strength parameter of clay 
during stabilisation v.'ith lime is the long - term 
reaction products. Reaction of lime with clay minerals 
(hydrous aluminate silicates) produces compounds largely 
of two classes - hydrated calcium silicates and hydrated 
calcium aluminates. Except under the hydrothermal envi- 
ronment , cfrdinarl£,y the hydrated calcium silicates are 
fully Gry?-stallized. Three such phases have been reported 
so far (Diaraond and Kinter 1966) . There are several types 
of calcium alximinate hydrates but che form generally pro- 
duced in clay lime reaction is (C=CaO, A=Al202, 

, A comprehensive account of these calcium 
silicates hydrates 'atid calcium aluminate hydrates, has been 
provided by Taylor (1964). Calcium Silicate hydrate (1), 
Ca 0 -Si 02 aqueous, and SCaOu 2 S £02 - aquretws:, have recently 
been prepared hydrothe^lim'.lly in a crystalline condition. 
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The calcium silicate hydrate (1) appears to be the final 
product of hydrothermal treatment of mixture of lime: 
Silica ratio of 1: 1 at 110^^. It is obtained only ■ 
as an intermediate product at higher ternirjerature upto 
at least 320 ^C. Reactions have also been conducted and 
products examined at various liras silica ratio in the 
system CaSiO^ _ H 2 O (Buchner, Roy and Roy, 1960, Heller 
and Taylor, 1952a, 1952b) . The most common calcium - 

Y 

Silicate - hydrate group, t'he tobemorite group has 
been examined in detail and the crystal structure 
analysis attempted (Taylor, 1964; Megav; and Calshey, 1956) . 

Goldberg and Klein (1952) have been the first 
to publish on the x-ray study of clay - lime reaction 
product . However only calcium carbonate was detected 
by them. Among the subsequent workers that dealt with 
x-ray studios in stabilization, mention can be made of 
Eades and Grim (I960), Hilt and Davidson (1961), Glenn 
and Handy (1963), Diamond, White and Dolch (1963) and 
Arizumi et al (1962). However most of these studies 
did not discuss the possibility of formation of the 

T 

compounds in the quaternary lime - silica - alumina - 
water ' system. 



CHAPTER III 


MATERIMjS Al'JD METHODS 

To understand the variation of physical proper- 
ties during stabilisation and the process involved, 
individual clay fractions have been chosen as the 
starting materials rather than soils. The specific 
intention in such a selection vjas that the behaviour 
and the processes invo3-ved during the soil-lime stab- 
ilization are rather com'plex. Soil besides containing 
a mixture of clay minerals also may have a variety of 
rrdnerals like quartz, feldspars, micas and, amphiboles 
or pyrox^ai-es in diffeurent proportions. In such a case 
all these constituent minerals may hvave their own 
reactions with hydrated lime and interpretation of 
the end product in terms of the process becomes 
complicated. 

Two types of clay v;ere chosem k.aolinite 
(representing the non swelling type) and bentonite 
(the expansive type) ^ so that both of them in their 
individual performance v>7ould finally enable us to 
appreciate the role of clay stractux*e in cl ay- lime 
interactions . 

Kaolinite of Saurashtra source^ as supplied 
by M/S Industrial Minerals and Chemical Co., Bombay.) 
has quartz as the major impurity. Bentonite of < 3 Uick 
dispersing type of American Colloid Co. IllinolsLas 
supplied by Soil Test Inc. (U.S .A.) ,j[ha3 its dominant 
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constituent montmoril Ionite and quartz es the impurity. 

The grain size distribution of both these mater- 
ials is indicated inF'ig. 1 . The following are the 

Atterberg limits for tliese materials. 

L.L. P.L. P.I. S.L. 

Kaolinite 33.50 18.10 15.40 18 

Bentonite 665 43.13 621.37 ' 10 

Fig. 2 represents the powder diffractioii patterns for 
these starting ■ materials . 

Hydrsatsd lime Ca (oH) employed in the present 
investigation is supplied by Comet Chemicals, Bombay 
and the impurities are specified to be 2 percent. 

I'-itTHODS : 

The bentonite and kaolinite v;ere pulverised 
and passed throiagh 100 ASTM mesh and oven dried at 
for 24 hours. 

Lime prior to its use in the experiments was 
carefully sealed in individual packets and stored in 
dessicator to prevent carbcnation. 

Kaolinite - lime and bentonite - lime^of various 
proportions as indicated subsequently were prepared by 
blending together appropriate amounts of these consti- 
tuents in dxjf state. Distilled v/ater was .then added 
upto plastic limit and the mixing continued until a 
uniform mixing with -thej water w-as achieved. These 
mixtures were then sealed in polythene bags x-vrith wax 
and kept in a constant temperature room (maintained 
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The Atterberg limit tests v.-ere conducted as per 
tandards D423-6TT, D42;4-59 and D4-27-61. For all the 
cests, the final result was taken on the basis of 
results. 


hnconfiried Cornoressive Strength the proving 
ring type unconfined conipression testing apparatus v/as 
used. It is a constant strain device. The rate of strain 
iv’as kexmt at 0.03 per minute throughout. 

By static compaction cylindrical specimens of 
3 

3-- in. long and lu in .-di araetsr were prepared taking 

a 

care to ensure that the moisture content throughout 
the sample was kept at the plastic limit. The samples 
to be kept for aging were moulded in cylindrical tubes 
6 in and Ig in diameter. After compaction the tubes 
were sealed at both ends by sealing v;a>: to prevent the 
loss of moisture and carbonadion of the lime by the 
carbondi oxide in the atmosrVnore. Samples -were stored 
in the temperature controlled i"oom. 

X-rav d i ffraction studies v.-ere conducted v/ith 
the help of XPD-5 and XFiD--6 diffractometers (of G.E.C. 
rticike ) 'with automatic counter;. Copoer K.; radiation v;ith 
hi-f liter v/as adopted v/ith the slit 'v/idth 0.1 for both 
the kaolinite lime and . bentonite - liime samples . 

Hov/ever for scanning (OOl) peak of miontmoril Ionite, the 
cul^ could nettai successfully employed owing to the low 
angle occurrence of the peak. As such Cr1<^ radiation 
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xvas resorted to for scanning the montinorillonite basal 
peak (001) in all the samples. For Crl^radiation ’s/i 
filter was 'used. 

Prior to x-ray diffraction analysis the clay- 
lime mixtures both fresh as also after diffex'ent aging 
periods for different lime contents were finely ground, 
where necessary ^in an agate mortar and packed into a 
plexiglass saiTiple holder. 

For samiDles screened with filtered Cuk^ radia- 

: rt. 

\ 

tion scanning was done in the range 2 0^40° at a 

speed of 2^ ( 2--r5. ) /min and a recording speed 2°(2o) per 
inch. 

VJith Crk^ , the scanning range was 2r-.,'^15‘^ 

with the other operational details remaining the same. 

For quantitative representation of the test data, 
the integrated intensities with a planimeter were 
determined. 



CHAPTER IV 


VARIATION OT PHYSICAL PARAI-IETERS IN THE 
CliAY-LIME SYSTEM 

Physical parameters in the clay-lime system 
are dependent on the cry^stal stimcture and composition 
of the clays involved. The tv/o types of clay chosen, 
haolinite and bentonite (vv'ith moncrnorillonite as dom- 
inant clay) have the crystal structure different. The 
haolinite structure is composed of a single tetra 
hedral sl'ieet and a single alumina octahedral sheet 
combined in a unit so that the tips of the silica 
tetra^hedrons and one of the Layers of octahedral 
sheet form a common layer (Fig. 3) . A.ll the tips 
of the silica tcitrahedrons point to the same dire- 
ction and towards the centre of the unit made up of 
silica and octahedral sheets. The distribution of the 
silicon, alumina, oxygen and hydro^cyl in kaolinite is 
such that the charges within the stracture and balanced 
that is there are no charges on the lattice due to sub- 
stitutions -within the lattice. Montmorillonite however 
is a three layered clay and is composed of units made 
of t'wo silica tetrahedral sheets with ei ceintral alum- 
ina oG-£ahedral sheet (Fig. 4) . All the tips of the 
tetrahedro'ns point to the same direction and towards 
the centre of che unit. The tetrahedral and octahedral 





Aiumini^s 

SiUooris 


FIG. 3. DIAGRAMMATIC SKETCH OF THE STRUCTURE OF THI 
KAOLINITE LAYER, AFTER GRWER.fl932) 
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sheets are combined so that the tips of the tetrahedrons 
of each silica sheet and one of the hydroxyl layers of 
the octahedral sheet fo;am a common layer. The atoms 
comraon to both the tetrahedral and octahedral layer 
become oxyygens instead of hydroxyls. Duo to the stack- 
ing of oxygen layers ox each iinit adjacent to the ox^njen 
layers of the neighbour i.ng unit, the bonding is very 
v/eak and this is the reason for the entity of water and 
other polar molecules into the lattice consecjaently 
causing expansion of lattice in the C-direction. 

In contrast to the kaolinite lattice, the. 
rnontmorillonite lattice is always unbalanced which is 
generally the resultant of the substitutions of ions 
of different valence in the tetrahedral or octahedral 
sheets or hot-h.. It h.as been reported that the charge 
deficiency is about 0.66 per unit cell. This net 
charge deficiency is balanced by exchangeable cations 
adsorbevd between unit layers and their edges. 

During the process of clay .stabilization with 
lirae, the calcium ions of the lime that is added to the 
clay are potential source of satisfying the charge def- 
iciency that might be present in these clay minerals. 
The calcium ions of lime can enber the clay lattice if 
the clay has the favourable cation exchange capacit^y 
and if such replacement is possible in the clay invo- 
lved, In rnontmorillonite due to the net charge defic- 
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iencY/ the sidsorption of calciuiri ions from external 
environment in the clay-lime system can take place. 
Evidence (cited in the next chapter) have clearly 
indicated this possibility in the Sodium rnontrnori- 
llonite of the present study. In case of kaolinite, 
even though theoretically the lattice is a balanced 
one, broken bonds due to lattice distortions and 
around the edges of the silica-alumina units give 
rise to unsatisfied charges vnhich have to be balanced 
by adsorbed cations , The rate of adsorption in kaol- 
inite is lower than in the montmoril Ionite lattice. 

It is this nature of cation and the extent of adso- 
rption that influence the v/ater retention property • 
in these tvjo clay types . 

In the present study ^ the consistency limits 
(liquid limit, plastic lixiit and shrinkage limit) 
and strength parameter (inconfined compressive, strength) 
have bean deterrrdned. The variations of these parameters 
for different lime levels in both types of clay and at 
different aging periods of time are graphically repre- 
sented . 

I ATTERBERG LIMITS B^OR TtlL LIME-CL.AY SYSTEMS; 

LIQUID LIMIT : 

Ficf. 5a represents the va.ricition of liquid limit 
of kaolinite v;ith different percentages of lime. The 
addition of lime b.rought about an increase of the liquid 
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limit values. The rate of increase was higher for the 
initial 2 percent addition of lime and then subsequen- 
tly the rate falls to a certain extent but still the 
limits .are in an increee ing trend. 

In contrast to this, the liqiaid limit behaviour 
in bentonite is very chareicteristia . There is a general 
decrease, with increasing, lime, for liq^aid limit in 
case of bentonite, 5'or any paricular lime level with 
aging further decrease' .of the licruid limit v/as noticed. 
Fig. 7 indicates the li-yaid liirdt variation in bentonite. 
As can be noticed from the figure, the rate of decrease 
was faster upto 4 percent of lime in the system and 
beyond vrhich level, the decrease is at a slovier rate. 
This appears to bo quite striking. It is also seen 
that the rate of: change of the li^guid limit for bent- 
onite is higher with increase of lime than that for 
kaolinite in the same lime level. This is due to the 
activity and higher cation exchange capacity of bento- 
nite. 7Jhile this break in r.he rate of variation is 
at 2 percent lima level in kaolinite ,^it is at 4 percent 
lime level in bentonite indicating that the adsorption 
of calcium ions has t.aken place substantially in bent- 
onite upto 4 percent of lime addition into the system. 
This decrease in licnuid limit is in consonance V7ith 
the reported obser'cntions by Wang et al (1963), Jan 
and VJalker (1963) and Katti et al (196G) . But no 
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attempt however has been made to explain the reason. 

The liquid limit variations can be explained 
as follows: The exchangeable cations are not all held 
in a layer right at the clay surface but are situated 
at some average distance from the surface. Though the 
electrical force between the negatively charged surface 
and positively charged ions attracts the cations to the 
vsurface, their thermal energ-/ tends to diffuse them 
av7ay . The balance of coulorab electrical atcraction and 
thermal diffusion leads to a diffuse layer of cations / 
with the concentration highest at the surface and 
gradually decreasing with distance from the surface. 
This concept, popularly known as "diffuse double 
layer" involves one layer of negative charges in the 
clay layer at the surface and other layer being the di- 
ffuse layer of cations balancing the negative charge. 

The interparticle forces of attraction and 
repulsion and the net force in the system depend on 
the charge distribution in the clay and the nature 
of cation involved. Repulsion results from interpen- 
etration of diffuse ion-layers of adjacent particles 
and from adsorption of water on surfaces of adjacent 
particles. This repulsion v;ill be greatest with mon- 
ovalent exchangeable ions. The force of attraction 
is from different sources - (a) the attraction bet- 
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v/een molecules and atoms (described by London - Vender 
VJalls Theory) . These decrease vary rapidly v/ith short 
increase in distance of separation, (b) Coulomb force 
of attraction (inversely proportional to the square 
of the distance) , (c) other fates of attraction due 
to bonding material . 

These interparticle forces have a significant 
role in determining the liquid limit. The distance 
between particles/ or betv/een structural units of 
particles, is such that the forces of interaction 
between the clay particles become sufficiently weak 
to allow easy movement of particles relative to each 
other. The cohesion between the particles is small. 

In bentonite (swelling type of clay) , the dominant 
interparticle force is one of repulsion. This force 
of repulsion determines the distances between particles 

Therefore an increase in calcium, concentration that is 

; 

substitution of divalent Ca - ion for monovalent exchan 
geable cations in bentonite decrease repulsion and 
hence the' decrease of liquid limit noticed in the 
present s tudy . 

In kaolinite however^the increase of liq'uid 
limit with increase of l.ime in the kaolinite - lime 
system is quite characteristic and to certain extent 
a deviation from normal behaviour of any clay. Clare 
and Grouchley (1957) reported a drastic increase in 
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the licjuid limit of a clay saturated v/ith Ca - ions 
in its natural state. According to them, this beha- 
viour is typical in clay - lime interaction of any 
clay that has calcium enrichment in its composition. 
Diamond and Kinter (196G) obsem/ed that mixtures of lime 
and calcium saturate^d clay assume an increasingly dry 
appearance. Sometimes the reaction is so extreme that 
a free-flowing s burry mixture may stiffen so that it 
will no longer poxir. This reaction would be reflected 
by an increase in the liquid limit. Generally the 
licjuid limit seems to increase on the addition of 
lime when there is no specific tendency in the oppo- . 
site direction created by cation exchange effects. In 
the jpresent investigation also, the starting material 
was a calcium rich kaolinite. 

PLASTIC LIMIT ; 

The variation of plastic limit v;ith increasing 
lime content in clay-lime systems and effect of aging 
to different periods of time of these systems on 
plastic limit is indicated in Figures 5b and 8. It 
is noticed that plastic limit increases with increasing 
lime content in both the clays. Effect of aging apjje- 
ared to bo the increase of plastic limit for any lime 
level in the clay - lime system. On aging to suffic- 
iently longer time, say for 16 to 19 days, it was 
observed that the rate of increase of plastic limit 





in bentonite chcinges and becomes slower oven at 
2 percent lime . This indicates that even with 2 percent 
lime, on aging to 16 or 19 days in bentonite the changes 
that take place might be responsible for this modifica- 
tion in the hydration pattern of bentonite. The inc- 
rease of plastic limit has been reported by Diamond and 
Kinter (1966) , Scott (1965), Katti et al (1966) . 

The plastic limit determination involves roll-- 
ing of the sanipde that indnces relative movement of 
particles which take nev; positions retaining the equ- 
ilibr.iurn. The movement of the parbicles is largely 
dependent on the nature of bonding and amount of 
water present . Sufficient V'/ater is requix’ed to wet all 
the surfaces and minute pores. When lime is added, 
calcium ions cause a change in the electrical charge 
density around the clay particles that affect flocc- 
ulation or aggradation. The clay particles now' acting 
as aggregates behave as a silt which has low cohesion. 

The plastic limit is the lov/est moisture Cvonte- 
nt at which the bonds betv/een soil particles or aggre- 
gates can be constantly rene-wed (Hilt ana Davidson, ^1960) 
The nature of these bonds has' been described as being 
due to cation exchange and to a crowmling of additional 
cations on to the surface of the clay (Davidson and 
riandy 1959) , The surface tension of v?aiter in rninute 
pores in clay ciiso exerts a bonding i^eace between 



clay particles . Because capillary pressare is inversely 
proporticn eil to the radius of curvature of the meniscus 
and directly to the surface tension^ changes in either 
of these will be reflected in the amount of water nece- 
ssary to renew the bonds continually betvjeen soil part- 
icles while a plastic limit is being rolled. 

When the plastic limit of clays increased 

V7ith the addition of lime, actually more vjater must be 
added to the clay-lim.e system to maTce the bonds between 
the clay particles capable of being renewed as rapidly 
as they are broken. I>ae to flocculation and aggregation, 
though the bonding between the particles within a floe 
has been increased, bonding between the floes is rela- 
tively weak. 

PLASTICITY INDEX ; 

The plasticity index values for various kaolin- 
ite-lime and bentonite-lim.e systems are represented in 
Figures 5c and 9 . The general decrease of the plasticity 
inde^x for both these cases is characteristic. Inspite of 
the increase of liquid limit for kaolinite, the increase 
is not as large as the accompanying increase in plastic 
limit.- The separate effects of the addition of lime to 
clay on the liquid and plastic limits combine to result 
in a rather sharp decrease in the plasticity index. Such 
variation vjas also been reported by Diamond and Kinter (1966) 




SHRINKAGE LIMIT: 


For I'laolinite - lime system as well as bent- 
onitt; - lime systera, a general increase of shrinkage 
limit takes place with increasing lime additives 
(Figures 6 and lO) ■> Howe’-zer in case of kaolinite, 
the increase Wros only significant upto 2 percent of 
lime after which, -ttie rate of increase of shrinkage 
limit appears very lov;. This indicates the effect of 
adsorbed lime and is in consonance with a similar 
trend noticed in the liquid limit variation. For bento- 
nite hov;ever, upto 4 percent of lime the shrinkage 
limit variation is pronounced but even v/ith higher 
percentages of lime there is not much of a deviation 
from this rate. The effect of aging in both these 
cases was to -enhance the shrinkage limit values. 

Shrinkage limi't value for any clay depends 
on its activity. Increase in activity of a clay increa- 
ses its uptake of water during hydration. The dehydra- 
tion patterns also are dependent on the hydration 
mechanism. For example, montir-crillonite that takes 
maximum water during hydration (as in the case of 
Na - variety) has the lowest shrinkage limit . With 
increasing Ca - ions adsorption, bentonite hydration 
characteristics change as the actiuity of bentonite 
falls down. According to Skernpton (1953), the activity 
of Sodium montmorillonite is 7.2 vzhile for calcium 
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montmorillonite :lt is about 1.5. This decrease in 
activity tends to raise the shrinkage limits as. obsem/ed 
in the present case. The increase is limited in kaoli- 
nite because of limited adsorption of G-e-ions from 
Ca(OH ) ^. added ile with montracrillonite it is 
rem-arkablc . 

Strength pronertie s ; 

The unconfined compressive strengths for 
the kaolinite-lime and bentonite - lime systems 
viere determined on fresh system with different lime 
levels as also the sam.e in aging to different days. 

For bentonite, the strength instantaneously starts 
increasing upto about 2 percent at a rapid rate and 
then the increasing tendency continuing further 
upto 6 percent of lime but at a slower rate. Beyond 
6 percent of lime, the strength falls down. 

For kaolinite, there is a rapid increase of 
strength upto 2 percent lirric .and then fluctuations 
of strength^ till 10 percent limic; and beyond 10 per- 
cent a distinct increase in strength is noticed 
(Figures 11 and 12) . 

The strength variation in these two clays 
is dependent on many factors that emerge during the 
stabilization process. The reaction of a clay mineral 
to Ca(0K ) ^ is based on the structural setup of the 
clay. In kaolinite, the ch-arge deficiency being 
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very lovj/ the adsorption of Ca-ions vjould be rest- 
ricted (upto about 2 percent in the present case) 
and the rest of the lime vrould start attacking the 
kaolinite minerals and tr^j-ing to break chemically 
the bonds at every stage instantaneously. During this 
time a gal - like silicate starts forming which is of 
co'urse vary difficult to be tracked by X-ray diffra- 
ction techniques. This reaction seems to take place 
by lime eating around the edges of kaolinite particles 
vj'ith a nev; phase forming around the cone of the unalt- 
ered kaolinite (Grim 1960) .’While Grim reports an immed- 
iate rise with the first increment of lime in the unc- 
bnfined compressive strength y the present investigation 
reveals that the immediate rise is only upto 2 percent 
lim.e and v-7hen the Ca-ions adsorption stops at this 
stage (as is reflected in the other limit tests) in 
the kaolinite - lime system, the gel like material 
that starts forrrdng vvould reduce the strength imme- 
diately on precipitation from reactions. However, on 
aging when the gel - like material crg^stallizes 
(for excimple at 6 percent lime level but after '2 days 
of agit^ ) , this decrease is not noticed. Hence it 
appears that v;ith prolonged aging betvjeen 2 to 

10 igercent lime level the build up in strength of 
the system is quite significant (Figure 11) . Beyond 
10 percent lime, the strength Increment though present 



is not conspicuous and at a slov/er rate except for 
longer periods of aging. During this stage, the new 
crystalline silicates (described in detail in the 
subsecfuant chapter) as evidenced from x-ray data 
forms a cementing and bonding material between the 
clay particles and hence the strength increment. 

In contrast to the kaolinite the reaction 
of lime with three-layered clay minerals begins by a 
replacement of the existing cations betweem the 
silicate sheets v;ith Ca-ions. Following the seburation 
of the interlayer positions with calcium, the whole 
clay mineral structure deteriorates v/ithout the 
ima'iiediate formsition of substantial new ciynstalline 
phases (Grim I960) . In case of bentonite vjhich has 
a high cation - exchange capacity, an appreciable 
amount of lime is required to drive the calcium 
on to and into the clay. Rapid increase in strength 
upto 4 percent is due to the adsorption of Ca-ions 
int-o clsy lattice and onto the surface. It is a 
known fact that in a. material vjhere monovalent 
ions like Ka+ are replaced by divalent ions like 

(both liaving almost the same ionic radii) , the 
net increase in ionic bonding ensues. The consequent 
increase in the strength of the system results. With 
the rats of adsorption of Ca-ions decreasing in the 
system (-which is beyond 4 percent of lime as evidenced 



from the athex' data as discussed earlier in this 
chapter) the forraation of hydro-ted calcium silicates 
and calcium aluminates affect the strength. However 
the decrease of strength in the initial stages of 
such a reaction duo to gel form.ation is not evide- 
nced in case of bentonite as the adsorption of 
Ca-ions, though at a slovxox' pace continues and 
overlaps with the gel formation/ the resultant 
effect of these two on the strength is only M^ du - e ed 
in the system behaviour (Fig. 12) . The 6 laercent lime 
limit appears to be the optimum iih^ake for bentonite 
as seen from Figure 12. Beyond this, the excess lime 
that goes witli the system stays mostly as free lime 
\^ith the exception of the part of lime that is con- 
sumed into reaction and formation of calcium silicates 
with free silica and bentonite. 

At higher percentage's of lime, the strength 
behaviour in a clay-lime system depends on the nature 
and extent of several constituents present in the 
S 3 /'stem . The various constituents present in different 
quantities (details presented in the following chapter) 
are the unreacted clay (kaolinite or bentonite) , par&y 
reacted clay, free silica, calcium silicates formed 
either by reaction of Ca(OH';)„ and free silica or by 
reaction of lime with clay and the residual lime 
present. The dilution of strength, as such is a 



aepencient phenomena on alltiiese complex constituents as 
reflected in the figures 11 and 12 for Tcaolinite - lime 
and bentonite-lime systems . 

The effect of aging in kaolinite-lime or bent- 
onite lime systems in general is to set these react- 
ions with lesser lime levels. In haolinite^ the cry- 
stallization of gel - libe silicates with aging 
results in the strength decrease as seen with system 
upto 2 days betv^een 2 to 10 percent lime levels. In 
bentonite - lime system, the effect of aging is to 
bring the fall in strength even vrith 2 percent of 
lime if aged to 9 days. The decrease in strength 
beyond 6 percent lime, takes at a rapid rate with 
prolonged aging periods of tiras (4 or 6 days ) as 
shown in fi'gure 12. 



CHAPT-ER V 


X-i^Y DIEFRACTIOH STUDIES 

X-ray diff ractionstudies have been undertaken 
vjith XRD-5 and XRD-6 diffractometers (G.E.C. make) with 
CuK,- and CrK , radiation. The various samples with 
different percentages of lime for kaolinite - lime and 
bentonite - limie systems were screened. Intensity calc- 
ulations for specific peaks of different constituents 
w^ere represented by areas of the respective strong 
lines. 

The clay - lime stabilisation process involves 
chemical reactions and possible formation of products 
at the expense of the participating constituents. The 
clay minerals used in this study are kaolinite and 
bentonite as stated earlier which have been found to 
contain silica evidenced from the diffraction pattern 
for the starting materials (Fig. 2) . As such whatever 
chemical reactions are visualized during the short 
term stabilization process, they may also have this 
free silica (present in clay) participating in them. 

The X-ray diffraction investigations have been 
undertaken with the following intentions: 

(a) 'It determine the rate c£ consumption of free 
silica in different cl^ - lime systems for 
various aging periods. 



(to) 


Tc quantitative evaluate the changes that might 
be possitole in the clay lattice at different 
lime levels, 

(c) To estimate quantitatively the rate of kaolinite 
or bentonite consumption with the onset of 
reactions, 

(d) Identification and correlation of the growth of 
new minerals during these reactions with the rate 
of depletion of constituents involved. 

The various minerals involved in the present 

study during the stabilization are kaolinite, montmo- 
'\ 

rillonite, free silica, excess lime, different new pro*- 
ducts like hydrogarnets, tetra calcium, aluminate hydrates 
and calcium silicate hydrates. Table 1 indicates the 
lines that are made use of in intensity calculations 
and rate curves for these various constituents. 


TABLE 1 


LINES CHOSEN FOR INTENSITY 
MATERIALS INVOLVED IN i 


■CALCULATIONS OF THE 
LAY -LIME REACTIONS 



Material 

1 2 X 

d 

1 

hkl 


Montmo ri 1 1 oni t e 

8 .60 

IS. 21 


001 

If 

Kaolinite 

12 .45 

1 .10 


■001 


Prehnite 

19.30 

4.59 


100 


Silica 


26.70 


3 .33 


101 







NATURE 01' THE VARIATIONS TOR DIFFERENT CONSTI- 


TUENTS INVOLVED IK CLx\Y-LH'13 REACTIONS; 

( l) Kao Unit e ; The 001 peak for kaolinite which 

is the strongest has been chosen to represent its quan- 
titative involvement at various stages during the process 
Figure 16 represents the change in intensity of 001 line 
for kaolinite with time of aging at various lime percen- 
tages in the clay - lime system. As can be seen from the 
figure, upto about 8 days the decrease in intensity is 
significant and that between the first 24 hours in all 
the samples the decrease is very rapid. Hovjever beyond 
8 days, there seems to bo a stability attained in the 
reaction and the rate or change is very small. It has 
been observed that during the first 24 hours the rate 
of fall is primarily due to the formation of prehnite 
(Hydrated Calcium - aluminate - silicate) . Subsequent 
changes might be attributed to the formation of other 
compounds like- tetra-calcium aluminate hydrates, hydrog- 
arnets in addition to prehnite, discussed in detail in 
the succeeding pages. The slov; pace of changes beyond 
8 days indicating the near cessation c£ the chemical 
reactions during short term aging has been further 
confirmed fromi the figure 18 which shows a similar 
trend in the formation of prehnite. 

(2) Bentonite ; The changes in intensity of 001 


line of bentonite (obtained from Grl'><- radiation) v/ith 



the aging time for different percentages of lime are 
presented in Figure 17 . The initial changes in inten- 
sity upto 6 days has been primarily due to the rapid 
growth of a hydrated calcium aluminium silicate with 
a strong line at 4.43 A°. This has also been evidenced 
from Figures, 19,21,23, 25 and 27 where the simultaneous 
changes in the bentonite and the neighbouring 4.26A° 
for this corripound are characteristic. The canges from 
about 6 days in all the samples were possibly due to 
the formation of other compounds such as calcium silicate 
hydrates and tetracalcium aluminate hydrates. 

In addition to the depletion of montmoril Ionite 
that has been accounted for so far, a significant change 
in the nature of the characteristic montmoril Ionite 
lines is strikingly seen (Fig. 20,22,24, 26 and 28). 

The broadening of the montmorillonite peaks 
at 2 , 50A° is due to the adsorption of calcium into the 
montmorillonite lattice and the consequent lattice 
modifications. A tendency to reach a stability in 
reaction is seen in the rate curves beyond about 9 days 
v;hen the reactions continue at a slower pace. 

(3) 'Ihanges in the free silica line :' The possibi- 

lity that free silica might also contribute to the 
formation of nevj compounds was confirmed by plotting 
rate of change of 3.33AO line for silica with time of 
aging with several lime percentages (Fig, 13 and 14). 











In both the Icaolinite - lime and bentonite - lime systems 
the silica has iDairticipated in its reaction with lime 
v/hich has aclded to the grov/th of nev; minerals. In bent- 
onite - lime systems hovv-cver, an active role of silica 
is seen at all the percentages of lime v/ith increasing 
periods of aging while in haolinite - lime system beyond 
8 days consi-imption of silica also seemed to have attained 
stability in its reaction participation. 

Grovjth of neyj’ products ; The growth of new pro- 
ducts appears to be soniev/hat related to several factors 
for example the hydration mechanism of the starting 
clay -minerals, the extent to which the lime attacks 
the clay minerals, the Ca 0 /Si 02 ratio that is available 
in reaction stages and the nature of the cations present 
in the clay. Toberraorites form as products in most rea- 
ctions in which calcium-ions and silicate-ions are 
brought -together in aqueous solution. It comprises a 
range of calcium silica-te hydrates vrhich var;/- widely in 
both composition and ’degree of crystallinity. The reac- 
tion product which appears due to interaction of clay 
and lime is calcium silicate hydrate ( l) , It has a 
Ca/Si ratio lass than 1.5. The hydration mechanism 
makes available the vjater of hydration that is necess- 
ary for the fon'aation of the proper hydrated calcium 
mluminate silicates. In kaolinite - lime system the 
characteristic forraation and the rapid growth of the 
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prehnite (with the strong line at 4.60 A°) might poss- 
ibly be due to some of these variables vjhich account for 
its absence in bentonite - lime system. 

The various new compounds that are formed in 
both Kaolinite - lime systems and bentonite - lime 
systems are represented in tables 2 and 3 and ;^igures 
19 / 21 / 23 , 25 , 21 , 29 , to 33 . As explained certain 
lines for these new products have overlapped the lines 
for other materials involved in the reaction and as 
such have created difficulties for listing all the lines. 

In kaolinite - lime systems an immediate attack 
with lime on kaolinite is responsible for the formation 
of prehnite. The limited adsorption of Ca-ions on to the 
surface of clay is evident from the absence of the cha- 
racteristic broadening that is noticed in case of mon- 
tmorillonite lines of the bentonite - lime system. Sloane 
(1964) has identified the instantaneous development of 
prehnite in short term reactions in kaolinite - lime 
systems and confirmed the presence of same from electron 
diffraction data too* Sades and Grim (I960) do not 
report this compound in longer - term reactions of 
kaolinite - lime systems. Thus the results from the 
present investigation confirm the thinking that preh- 
nite may be a reaction product of ephemeral phase , 
Formation of hydrogamets as also the other 
compounds stated in these systems has also been observed 



TABLE 2 


X-PJTf DIFFR?.CTICN' DATA FOR SEPARATE LIMES 
Or MEW PRODUCTS IN ICAOLINITE-LIME 
SYSTEMS WITH CuK^ PYJDIAITIOW* 


\ 


2 

1 

X( 

1 

d 

in A° 

I Tentatively 

X identified new 
1 

I Source of data 
mineral! for identifica- 
Ition. 

11.80 


7.49 

Tsti'a Calcium 

alurainate Croft (1964) 

-11.20 


-7.89 

hydtate , 


14.40 


6.14 

Unidentified 


-14.20 


-6,23 



17-40 


5.09 

Hydrogsrnets 

Croft (1964) 

->17.20 


-5.15 



19 . 40 


4.57 



-19.20 


-4.61 



2 5.58 


3 .48 

Prehnite 

Sloane (1964) 

2 .54 


3 5.20 



— 2,56 


•3 4.90 




*This table does not include the other lines for all 
the products stated since they overlap the lines 
for either the clay or lime used. 



TABLE 3 


X-Rii.Y DIFFRJiCTIOK D7.TA FOR SEPARJiTE LINES 
OF NEW PRODUCTS IN BENTONITE -LIME 
SYSTExMS WITH CuK RJJ3IATION* 


" I d r Tentatively i Source of data 

2 I'ilrx A°) i identified nev; minerallfor identifica- 

l I Xtion. 


11.60 7.62 Ill-crystallizad Croft (1964) 

"11,18 -7.90 tobe3nnorite 


29.18 3 ,05 Crystallised calcium Croft (1964) 

-28.80 -3 ,09 silicate hydrate ( l) 


14 6.32 Unidentified 


20^^ 4,43 Unidentified 


31.30 2.85 Te-tra calcium Croft (1964) 

-30.70 -2.90 aluminate hydrate 


*This table does not include the other lines for all 
the products stated since they overlap the lines 
for either the clay or lime used. 






by Croft ( 1964) . However no effort has been made for a 
detailed quantitative estimation of the rate of invol- 
vement of the constituents and the effect of aging. 

In bentonite - lime systems the conspicious 
compounds that involve the initial consumption of mont- 
morillonite appears to be the forrriation of a hyd.rated c 
calcium silicate v^ith lines at 4.43 A^' and 6.3 2 A®. 
Identification of the ccrnpound could not be done due 
to the overlapping of the peak at 4.43 A® with the 
montmorillonite peak at 4.26 A° (Figures 19./ 21, 23, 

25 and 27) , The formation of the compound tetracalcium 
alurninate hydrate (C 4 AK 13 ) is seen in both kaolinite 
and bentonite systems with lime. Such an obsearvation is 
in confirmity with Croft (1964) . Ho\.vever an additional 
compound with the composition calcium silicate hydrate 
has been identified in bentonite which is not seen in 
kaolinite ~ lime, systems. 

Thus the X-ray dif ti-caoclon data have indicated 
the extent o£ participation of the different constitue- 
nts - kaolinite, montmorillonite, free silica, excess 
lime and the various reaction products that are present 
at any stage in the process of clay - lime stabilization. 
In addition the reaction products except for CqAH^^^ have 
been found to be different for both the systems. While 
hydrogarnets and prehnite dominate in kaolinite - lime 
systems, ill-crystallized tobermorite and CSH(l) are 
present in the bentonite - lime systems. 
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CH?iPTER VI 


SWTHESIS 

Ths proc'3ssss involved in the clay - lime 
stabilisation are dependent on the nature of clay# 
cjuantity of lime available, the amount of water of 
hydration that is present in the system, the signifi- 
cant cation available for exchange by Ca-ions of the 
lime and the environmental conditions in case of natu- 
ral soils. These changes in clay - lime system at any 
stage are reflected in the physical behaviour of the 
clay. VJhile the Atterberg limits for any clay - lime 
system depend on the hydration and dehydration mechanism 
of the system., the. strength properties are a consequence 
of the nature and extent of the. different constituents 
present in the system at any stage . 

Kaoiinite and bentonite chosen for the study 
have free silica as an impurity present in the samples. 
The dominant clay mineral of bentonite, montmorll Ionite , 
is structurally different from kaoiinite.- As explained 
earlier the activity in bentonite .as a result of lattice 
substitutions is responsible for adsorption^ to a great 
extent of, exchangeable cations into its lattice. In 
kaoiinite however such adsorption is extremely limited. 

In bentonite - lime system, the adsorption of 
Ca-ions vjas upto 4 percent of lime addition into the 
system. The increase in calcium concentration due to the 



substit-ution of divalent Ca-ions for monovalent exch- 
angeable cations in bentonite decreases repulsion and 
consequently;^ liquid limit- In kaolinite vnich adsorption 
is limited as seen from the present studies ,, The incr- 
ease of liquid limit that is observed in the present 
studies has been correlated to initial saturation of 
Ca-ions in kaolinite (Glare and Crouchley/ 1957) . vlhile 
this may be true, the present study indicated the poss- 
ibility of prehnite calcium aluminate silicate) , 
v/hich in stantaneously develops and rapidly grows in 
the kaolinite - lime system, influencing the liquid 
limit of kaolinite - lime system. The plastic limit, 
which is the lowest moisture content at v;hich the 
bonds between the soil particles or aggregates can be 
constantly renewed, increases with increasing lime 
content in both the systems. V-zhen lime is added^ Ca-ions 
cause a change in the electrical charge density and 
effect flocculation in the system. Actually with the 
addition of lime, more water must be added to the 
clay - lime system to renew the. broken bonds. The 
significant changes of liquid and plastic limit upto 
2 percent and 4- percent lime content in kaolinite and 
bentonite respectively point to the active role of 
Ca-ions during adsorption on the hydration of the 
clay - lime systems . Shrinkage limit in both the systems 



was with an increasing trend on addition o£ lime. The 
changes in shrinkage limit vjere in line with the chan- 
ges in the other two limits indicating the role of 
adsorption of Ca-ions into and onto the clay surface. 

The X-ray data in the present study has reve- 
aled certain significant changes during the clay - 
lime interaction. Such studies have been attempted 
by Eades and Grim (i960) for long-tem stabilization 
but no effort is made so far to visualize the changes 
that take place during the shorter periods. It was found 
that in both the clay minerals/ kaolinite and montmori- 
llonite, chemical reactions start simultaneously besides 
adsorption. In kaolinite - lime system an immediate 
formation of prehnite that grows with the aging as also 
the formiation of hydrogarnets and tetra calcium abominate 
hydrates has taken place/ while in bentonite the forma-*-- 
ion of calcium aluminate silicates in the initial stages 
followed by calciura silicate hydrates, tetra calcium 
aluminate hydrates and UC - cn,/£tallized tobermorites 
suhaac’ ■> c-L y .. 

Detailed rate curves for the depletion of 
silica, kaolinite and bentonite as also the growth of 
new mineral prehnite in kaolinite - lime system 
(f ignores 13, 14, 16, 17 and 18) have been prepared 
and the role of these constituents at any stage in the 
clay - lime system discussed earlier. The changes in 



the unconfined corapressive strength in 
l^^stehi hppeairs to be influenced by these he^ pjrodiictsi 
The ihcrease in strength upto 4 percent can be attri- 
buted to the formation cf calcium aluminate silicate* 
liirther change in strength from 4 percent of lime 
to 6 pergent of lime is possibly due to the additi^ 
pnal products (Calcium silicate hydrate# tetra calcium 
aluminate hydrate and ill ^ crystallized toberminte) 
formed durihg bentonite - lime interaction^ Beyond 
§ percent the strength falls down which can be very 
easily explained. As can be seen from the f’igures 13 
and 1 ^, the depletion of free silica and montmorill- 
onite attain* a stability indicating near completion 
of the short - term reactions. This is also confirmed 
by the growth of new minerals observed in X^ray 
patterns. As such by about 6 percent the reactions 
in the bentonite - lime system might have almost 
reached this stable phase beyond v;hich the presence 
of excess of lime in the system dilutes the strength 
property. But in kaolinite the strength variations 
are somewhat strikingly different. While the initial 
rapid increment in strength upto 2 percent of addition 
of lima in kaolinite - lim.e system can be attributed 
to the rapid formation of prehnite besides Ca-ions 
adsorption# the subsequent fluctuations in. strength 
upto 10 percent of lime in the system might possibly 



be due to the formation c£ calcium silicate hydrate 
in gel form besides prehnite. However v/ith increased 
aging due to che crystallization of calcium silicate 
hydrate the strength property gets modified in this 
range. Beyond 10 percent the crystallized minerals 
act as cementitious product and are responsible for 
the increase in strength. 

Thus the obsejc/ed changes in liquidj, plastic, 
shrinkage limits and the strength parameter in the 
kaolinite - lime and bentonite - lime systems can 
be explained due to the chemical changes in these 
systems . 
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